In the present study, the exfoliation susceptibility of the weld zones in friction stir welded AA2098-T351 was compared with that of the base metal (BM) according to ASTM G34 standard practice. Friction stir welding (FSW) had a significant effect on the microstructure of the Al alloy tested and the susceptibility to exfoliation was strongly affected by the microstructure. Different features of corrosion attack and exfoliation susceptibility were observed when the zones affected by FSW were tested isolated or coupled. Also, the near-surface deformed layer had an important effect on the Al alloy susceptibility to exfoliation. These are the main findings of this work. The corrosion features were correlated with the microstructural modifications related to the welding process and with the electrochemical response. The T1 phase morphology, distribution and size were critical for exfoliation susceptibility. The stir zone (SZ) was the zone most resistant to exfoliation. However, resistance to exfoliation varied with the temperatures reached in the heat affected zones (HAZs). The HAZ exposed to the lowest temperatures during welding, HAZ (LT), was the most susceptible to exfoliation, whereas the HAZ exposed to the highest temperatures, HAZ (HT), presented high resistance to exfoliation, similarly to the SZ. The ASTM-G34 practice was an effective and useful method in identifying the different exfoliation resistances of the BM and the various zones affected by FSW. The results of this practice were supported by electrochemical impedance spectroscopy (EIS) tests. .br (M.X. Milagre). exfoliation [1, 2] . This susceptibility is closely related to the microstructural features of this kind of alloys.
Introduction
The Al-Cu-Li alloys are highly susceptible to localized corrosion, such as pitting, intergranular corrosion (IGC) and
teristics that can increase the susceptibility of Al-alloys to this type of corrosion [3] . Robinson and Jackson [4] showed how the grain structure influences exfoliation and stress corrosion cracking in high strength Al-alloys. Also, Kelly and Robinson [5] reported on the influence of heat treatment and grain morphology on exfoliation of Al-Li alloys. Chen et al. [6] also described the effects of heat treatment on exfoliation susceptibility. The relationship between alloy composition, microstructure and exfoliation corrosion was also reported by Marlaud et al. [7] for an Al-Zn-Mg-Cu alloy.
In general, exfoliation susceptibility is influenced by a combination of grain shape and morphology and distribution of the phases. The role of the T1 phase (Al 2 CuLi) on the corrosion behavior of Al-Cu-Li alloys has been largely reported [8] [9] [10] [11] . Li et al. [12] observed that exfoliation susceptibility increases with the increase in T1 phase content and equilibrium size at the GBs.
Yue et al. [13] proposed that the formation of galvanic couples between the T1 phase or ' (Al 2 Cu) phases and precipitate free zones (PFZ) is the main cause of IGC and, exfoliation susceptibility in the AA2195 alloy. Liang et al. [14] reported that as the T1 phase coarsens and wide PFZs are formed, the susceptibility to IGC and exfoliation increases.
Friction stir welding (FSW) processes modify the microstructural features of the Al-Cu-Li alloys [15] [16] [17] [18] and, as a consequence, the corrosion susceptibility of the different regions along the weldment [19] [20] [21] [22] . FSW consists in joining two parts of materials without melting. However, the heat and deformation generated by the process promote microstructural modifications which are sufficient to affect the corrosion susceptibility across the weld. Since each welding process is considered unique as the welding parameters can influence corrosion susceptibility [21, 23] , it is important to investigate the susceptibility to corrosion of the different zones in welded alloys by FSW.
The AA2098 is a representative alloy of the advanced third generation Al-Cu-Li alloys developed for applications in the aerospace industry in search of potential replacements for the conventional Al-Cu alloys. This alloy was the precursor of the AA2198 alloy whose corrosion behavior has been reported in the literature [1, 2, 8, 24] . However, studies on the corrosion susceptibility of the AA2098 are very scarce [25] and no information was found on the resistance of this alloy to exfoliation. Moreover, works on the effects of FSW on exfoliation resistance of Al-Cu-Li alloys are rare in the literature [2, 26] . Based on the fact that each welding process is unique due to the effects of welding parameters and tool geometry on the microstructure of Al-Cu-Li alloys, the present study contributes to the field of knowledge on corrosion resistance of this kind of alloys by investigating the exfoliation resistance of the AA2098-T351, by electrochemical techniques and surface observation.
The use of electrochemical techniques in the study of exfoliation susceptibility of aluminum alloys has been previously reported [6, [27] [28] [29] [30] , but none of these works studied Al-Cu-Li alloys. Keddam et al. [27] showed how electrochemical impedance spectroscopy (EIS) could provide useful information about the trends in the mechanism of the exfoliation process in conventional Al-alloys. In this work, the exfolia-tion susceptibility of the weld zones of the AA2098-T351 alloy resulting from FSW was analysed and the results were compared with that of the base metal (BM). The effects of surface preparation on the exfoliation susceptibility were also analyzed. The evaluation was performed according to ASTM-G34 standard. The results were correlated with the microstructural features, surface composition in different conditions (as received and polished) along the weldment and with the electrochemical response of the alloy.
Material
Friction stir welded 3 mm thick plates of the AA2098-T351 alloy were used in this work. 
Friction stir welding (FSW) process
FSW process was performed using an H13 steel tool with a shoulder of 16 mm diameter and an adjustable pin in accordance with the plate thickness. Transverse speed was 300 mm/min and the rotation speed was 700 rpm in the counter-clockwise direction. Thus, the retreating side of the weldment was on the left and the advancing side was on the right, Fig. 1(a) . The load used was in the range of 8-15 kN. Thermal profile simulation was obtained using the finite element COMSOL v5.2 software. Thermocouples measurements were carried out as input data. They were positioned under the plate, at distances of 6, 9 and 12 mm from the center of the welding joint, Fig. 1(b) . More details on the thermal simulation are provided in our previous work [15] .
Microstructural characterization
The surface was prepared by metallographic techniques.
Mechanical polishing was carried out using silica carbide abrasives (#320, 550, 800, 1200, 4000) and diamond suspensions of 3 and 1 m. An etching solution composed of 25% HNO 3 
X-ray photoelectron spectroscopy (XPS)
The chemical composition of the sample surfaces was analyzed by X-ray photoelectron spectroscopy (XPS) using a ThermoFisher Scientific spectrometer, model K-alpha + , oper- ating with a monochromatic Al K-␣ X-ray source. The spot size was 400 m, and the analysis chamber pressure was 10 −7 Pa. Survey XPS spectra of the welded samples at different zones and, in the different conditions of preparation (as received, polished) were obtained, as provided in Fig. 2 .
Exfoliation susceptibility
Exfoliation susceptibility test was performed according to ASTM G34 practice. Prior to immersion, the surfaces of the specimens were cleaned with isopropyl alcohol in an ultrasonic bath for 10 min. After surface preparation, the samples were immersed for 48 h in the test solution composed of 234 g of NaCl, 50 g of KNO 3 , 6.3 mL of HNO 3 (70 wt.%) and deionized water until 1 L. The pH of the test solution was 0.4. After 48 h, the samples were removed from the constant immersion exfoliation corrosion (EXCO) solution, rinsed with deionized water and dried at room temperature.
Electrochemical impedance spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) tests were carried out using an AUTOLAB PGSTAT potentiostat controlled by NOVA 1.11 software. The tests were performed at room temperature using a three electrode-cell setup with Ag/AgCl KCl(sat) as a reference electrode and a platinum wire as the counter electrode. The exposed surface of the working electrode was 25 mm 2 . The welding zones analyzed were identified according to microstructural features and corrosion behavior, as described in the next sections. The welding zones were individually masked using bee wax. Unwelded base material (BM) samples were used for comparison. For the electrolytes, the standard solutions for the EXCO test were used and each welding zone was exposed for 1 h to the electrolyte before the EIS data acquisition. The EIS data were obtained potentiostatically at the OCP in the frequency range of 100 kHz to 0.1 Hz with a 10 mV amplitude signal and an acquisition rate of 10 points per decade. EIS tests were performed on as-received surfaces and surfaces mechanically polished to #4000 SiC paper surface finish.
Results and discussion
Surface and microstructural characterization In order to evaluate whether the welding process affected the external layer, XPS measurements were carried out on the different weld zones. Elements such as Al, O, Mg, and Cu were observed in the external layer, Fig. 3a . The main chemical composition variation in the external layer comparative to the bulk alloy was related to the Mg content. Fig. 3b shows the presence of Mg-enriched bands in the outer layer of the studied alloy. This has been related to the activity of this type of material [24, 31, 32, 33] . The spectra corresponding to the region close to the welding joint in Fig. 3b , points 1-3, show reduction in Mg content. This was due to the removal of the external layer by the welding process. However, analysis carried out on a polished welded sample also showed variations in the composition of the outer layer of the surface, Fig. 4a . A slight reduction in Mg content was observed in addition to Cu content increase in the welding joint region. Binding energies between 933.6 and 953.2 eV, Fig. 4b , indicate that the Cu signal comes from the substrate and the Cu enriched intermetallic particles in the alloy [25, 34] . The influence of the FSW process on the microstructure of the AA2098-T351 was reported in a previous work [15] . The temperatures reached during the FSW process are sufficient to promote T1 phase (Al 2 CuLi) dissolution and Cu diffusion to the matrix Moreover, the tool movement during the welding process promotes breakage of micrometric particles in the tool domain [35] increasing the area related to micrometric particles in the welding joint region. Consequently, the Cu signal in the welding joint increased. According to the literature [36] , the peak with binding energy around 1304.7 eV is related to Mg oxides, Fig. 3c . Besides, a peak with binding energy around 1303.9 eV was related to metallic Mg [37] . However, when the outer layer is removed due to welding or polishing processes, only the Mg signal in solid solution is observed, Fig. 4b .
Furthermore, the temperatures reached at some areas of the alloy during the welding process changed the T1 phase content along the weldment. The T1 phase is the main strengthening phase in Al-Cu-Li alloys. It precipitates preferentially at dislocations and subgrain boundaries [38] at temperatures between 137 and 260 • C. This phase has a hexagonal crystal structure with an orientation of (0001) T1 // {111} Al and <1010> T1 // <110> Al and a platelet morphology [39] .
The highest content of T1 phase is found in the BM, Fig. 5a , whereas its density is significantly lower in the HAZ, Fig. 5b . In this last zone, the T1 phase is coarser and shorter than in the BM. Besides, wider PFZs are observed in the HAZ relative to the BM. In the SZ, Fig. 5c , T1 is rarer, shorter and coarser compared to the BM. In the BM, the T1 phase is finely dispersed at the GBs and inside the grains. This is due to the stretching step prior to aging, that is represented by the "51 ′′ nomenclature. Stretching results in stress relief but also increases the dislocation density, which favors nucleation and precipitation of T1 phase [40] . The thermal cycles of the welding process lead to partial or total T1 phase dissolution. In the HAZ, the temperatures reached during FSW are not sufficient for total dissolution of T1 phase, and, consequently, some precipitates are coarsened and others nucleate, being of smaller sizes. According to Chen and Bhat [38] , the T1 phase has a strong tendency to nucleate at subgrain boundaries. Since its growth is fast, this phase is usually thicker and shorter than the same type of precipitate that grows in the matrix, as observed in Fig. 5b . Finally, in the SZ, dynamic recrystallization process occurs leading to reduced dislocation density and T1 phase dissolution. Consequently, the T1 plates are thin, since the fast dissipation effect reduces the time available for nucleation and growth of strengthening phases.
3.1.
Exfoliation Susceptibility Fig. 6 shows one of the AA2098-T351 samples during exposure to the EXCO test for environment assessment. Very high activities were observed in the BM with the formation of voluminous amounts of hydrogen bubbles. However, in the welded sample, lower reactivity and, consequently, higher exfoliation resistance compared to the BM was found. Fig. 7 shows the cross-section of the BM after exposure to EXCO test. It can be seen that this region presents high susceptibility to exfoliation. In this zone, intragranular corrosion was the preferential type of attack with two types of intragranular attack observed. The first type is characterized by the total consumption of the grain (grain A), whereas the second one is only associated with some particular grains, that is, orientated attack aligned in the grain elongation direction (grain B). There are several factors that affect the morphology of attack, such as grain size and grain orientation, in relation to the electrolyte [10, 41, 42] . According to Guérin et al. [41] , the most relevant parameter for intragranular corrosion in Al alloys is their internal disorder. Thus, grains with large number of defects are the most susceptible to corrosion. The authors observed that the grains orientated according to (111) plane in relation to the electrolyte are completely attacked (grain A). This occurs because the (111) planes are parallel to the deformation direction. Therefore, the dislocation and T1 phase densities are higher and evenly distributed in these grains and their GBs, Fig. 4a . Consequently, potential differences between grains and GBs were not significant, resulting in intragranular attack. The attack in bands parallel to {111} Al direction indicates that corrosion propagation depends on grain orientation. This type of attack is known as crystallographic attack and has been reported in the literature [1, 42, 43] . The attack in preferential directions (grain B) is related to the stretching step prior to nat- ural aging. During this process, slip bands originate as a result of heterogenous plastic stresses due to the high stacking fault energy of Al alloys [44] , resulting in increased T1 phase density in the bands [45] . Fig. 8 shows the susceptibility of the welded sample to exfoliation. A relationship between exfoliation susceptibility and T1 phase concentration and morphology is indicated. The HAZ was divided into two regions of different resistances to exfoliation. The areas in the HAZ corresponding to a high decrease in hardness are the ones exposed to the highest temperatures during welding, HAZ (HT). The temperatures reached in these zones were in the range of 300-380 • C, in the advancing side, and between 240 to 320 • C, in the retreating side. This zone showed high resistance to exfoliation. On the other hand, the regions of the HAZ exposed to the lowest temperatures, HAZ (LT), presented the highest activities in the EXCO solution. The microhardness in this zone is lower in relation to the BM and the temperatures reached were less than 300 • C, in the advancing side, and 240 • C, in the retreating side. These results confirm the direct effect of T1 phase on the exfoliation susceptibility of the AA2098-T351. It is important to highlight that in the HAZ (LT), intragranular corrosion predominated, although IGC was also seen. This behavior is related to the T1 phase morphology which was coarser and shorter in this region. Also, PFZs were associated with the HAZ (LT).
The morphology of attack propagation also changed according to the welding zone, Fig. 9-11 . In the HAZ (LT), Fig. 9a , similar exfoliation features to those of the BM were found. Grains with higher T1 phase content were anodic in relation to those with lower amounts of T1 phase. Moreover, Cu and Ag redeposition was found on the cathodic sites surrounding the anodic areas showing high susceptiblility to exfoliation in the HAZ (LT), Fig. 9b . The Cu enters the test solution by the detachment of Cu-rich particles from the attacked areas. In the solution, the potential of these particles increased which leads to Cu dissolution, and this is followed by Cu redeposition at the cathodic areas surrounding the anodic ones [46, 47] . The Ag is also a noble element in relation to Al and is added to the Al-Cu-Li alloys to enhance T1 phase precipitation [48] . The identification of these elements around the anodic sites shows the effect of the T1 phase on the corrosion behavior of the AA2098-T351. Intergranular corrosion was also observed in the HAZ (LT). The smaller and coarsened T1 phase, in addition to the wider PFZ of the HAZ (LT) in relation to the BM, are the reasons for this type of attack propagation. The HAZ exposed to high temperatures (HT), Fig. 10 , and the welding joint (TMAZ + SZ), Fig. 11 , when coupled to the other zones, were cathodically protected. In the HAZ (HT), only a few and isolated grains presented intergranular attack, either in the retreating (Fig. 10a ) or advancing sides (Fig. 10b ). In the welding joint, no attack was observed, Fig. 11 . These behaviors are related to the galvanic coupling established between regions of high density of T1 phase (BM and HAZ (LT)) acting as anodes, and regions of low T1 phase density (HAZ (HT), TMAZ and SZ), acting as cathodes. In the welding joint, other factors favor the cathodic behavior of this region, such as, increased Cu and decreased Mg contents, besides the larger proportion of area corresponding to Al-Cu-Fe particles, which are efficient cathodes [49] , at the exposed surface.
EIS analysis was carried out to understand the exfoliation mechanism in the AA2098-T351. The polished samples were related to lower impedances indicating lower resistance to exfoliation than the unpolished (as-received) ones, Fig. 12a b. The low impedances and the presence of only one-time constant showed that both types of surface, polished or unpolished were highly active in the EXCO solution. The results did not indicate the presence of a surface oxide film, which is explained by the high aggressiveness of the solution to the surface. Fig. 12c shows the unpolished surface after exposure to the EXCO solution for the EIS test. It can be seen that the attack is localized while the majority of the surface is preserved. This result can be related to the presence of Mg oxide on the unpolished surface. Removal of the surface oxide by polishing explains the lower impedances related to the polished samples compared to the unpolished ones. The exposure of highly active substrates explains the increased electrochemical activity at the polished surface. This surface, after exposure to EXCO for EIS test, as presented in Fig. 12d , shows intragranular attack over larger areas at the surface in relation to the unpolished one. The most susceptible areas to corrosion attack are the grains with a high density of T1 phase which are rapidly attacked in the EXCO solution.
Due to the irregular characteristics of the welding joint, it was necessary to smoothen the surface prior to the exfoliation test; consequently, the electrochemical behavior of the welding zones was compared using polished surfaces. The EIS results showed that the highest impedances were related to the SZ, and the lowest, to the HAZ (LT), Fig. 13 .
The susceptibility to exfoliation increased in the following sequence, according to the EIS results: SZ < BM < HAZ (LT). These results are in accordance with the observations from the immersion test. Low impedances and only one-time constant are identified in the EIS diagrams for all the welding zones tested, showing the very high electrochemical activity of these zones when exposed to the EXCO solution. However, the indication of a "shoulder" at high frequencies of the results corresponding to the SZ suggests that part of the natural oxide layer remained at the surface of this zone. Surface observation by SEM after test confirmed intense corrosion attack at the HAZ (LT), Fig. 14a , confirming that this region is highly susceptible to exfoliation whereas the SZ showed intergranular attack when it was exposed to the electrolyte separately, Fig. 14b . The intergranular attack in the SZ must be related to the dissolution of T1 anodic phases dur- ing the welding process that favor intragranular attack, and the anodic nature of the GBs. It must be highlighted that intergranular attack appeared only in the welded joint, when the zones were isolated. Otherwise, when the welding zones were coupled, the welding joint was cathodically protected by the zones with high amounts of T1 phase, that is, HAZ (LT) and BM. Table 1 summarizes the different types of corrosion propagation observed in the welding zones and their electrochemical behavior. 
Conclusions
The susceptibility of the different zones of the AA2098-T351 processed by friction stir welding (FSW) to exfoliation was evaluated according to ASTM G34 standard practice and the results led to the following conclusions:
• The exfoliation mechanism of unwelded AA2098-T351 alloy was mainly associated with intragranular corrosion.
• The surface deformed layer present in the as-received (unpolished) alloy shows higher resistance to exfoliation compared to the bulk alloy (polished surface).
• FSW largely affected the resistance of the AA2098-T351 alloy to exfoliation and the various zones resulting from FSW showed different corrosion behaviors.
• Intergranular corrosion was observed in the stir zone when it was exposed to the electrolyte in isolation from the other zones.
• The base metal and the heat affected zone exposed to lower temperature (HAZ (LT)) were anodic to the other zones and provided cathodic protection to these zones when galvanically coupled.
• The high temperatures reached in the welding joint and the heat affected zone (HAZ (HT)) favored T1 phase dissolution and increased the resistance to exfoliation of these zones.
• The high susceptibility to exfoliation observed in the HAZ(LT) region showed that the precipitate free zone, coarse and small T1 phase, are critical factors for exfoliation propagation.
